INTRODUCTION
Resonant cavities with a high ratio between the cavity Q-factor and the mode volume V afford strong and long-lasting energy confinement of light. [1] [2] [3] This confinement enhances the light-matter interaction and enables a number of interesting applications, e.g., in optical communications, quantum electrodynamics (QED), 4 enhanced spontaneous emission, 5 non-linear optics, 6 biosensing, 7 and optical trapping. 8 A high Q/V can be achieved either by increasing the Q, as in dielectric cavities, or by decreasing the V, as in plasmonic cavities.
For the dielectric case, ultra-high Q-factors have already been obtained with Whispering Gallery Mode (WGM) cavities 9 and with Photonic Crystal (PhC) cavities. 10 In particular, very high Q-factor values of the order of 10 7 have been demonstrated in the 2D PhC system, corresponding to a photon lifetime of 7.5 ns, 11 combined with a diffraction-limited mode volume V ∼ (λ/n) 3 . Plasmonic cavities afford much smaller mode volumes by confining the electromagnetic energy beyond the diffraction limit at the metal-dielectric interface. 12 Sub-wavelength mode volumes have been obtained down to V ∼ 10 4 (λ/n) 3 . 13 Such plasmonic sub-wavelength confinement is intrinsically related to high metal losses, which limits the Q-factor to values well below 100, resulting in Q/V values of 10 5 (λ/n) 3 at best and low transmission values. 14 Several configurations for increasing the Q/V ratio have been investigated, amongst which the hybrid combination of dielectric and plasmonic confinement mechanisms appears to be the most promising. [15] [16] [17] [18] [19] [20] [21] A number of such hybrid cavities have already been studied with the aim to decrease the optical losses with respect to the plasmonic cavities and to provide very low values of mode volume. As a result, Q/V values up to 10 7 (λ/n) 3 21, 22 have been predicted by simulations, with the best experimental results reaching values of 10 5 (λ/n) 3 . 23 It is also worth noting that hybrid cavities maintain the nanoscale plasmonic hotspot which is advantageously situated in the low index medium and which makes the device suitable for applications in biosensing and optical trapping, 24, 25 while the lower loss compared to plasmonic cavities reduces thermal effects, e.g., the effect of Brownian motion counteracting optical trapping. 26 Here, we report on a 1D PhC nanobeam cavity vertically coupled to a bowtie nanoantenna. We achieve an ultra-high Q/V > 10 6 (λ/n) 3 factor and experimentally observe a remarkable resonance transmission of T > 20%, in good agreement with simulations. We calculate a high optical stability of S > 10, a trapping stiffness of k ≥ 40 pN/(nm/W) and demonstrate the trapping of 200 nm Au beads for a very low input power (P in = 190 µW).
DESIGN AND NUMERICAL RESULTS
Our 1D PhC dielectric microcavity is based on a silicon (Si) photonic wire surrounded by SiO 2 on all sides (Fig. 1) . The wire is W = 460 nm wide and h = 220 nm thick. The cavity mirrors consist of a central section of N = 3 holes with the same radius r = 130 nm and period Λ = 390 nm and of two symmetrically tapered sections at both sides. The tapered sections have been designed to improve the matching between the nanowire mode and the Bloch mode in the photonic crystal section aiming at reducing the coupling loss and increasing the on-resonance transmission. 27, 28 In order to realize the taper, we consider a number of tapered holes N t = 3, with a period that gradually reduces from Λ = 390 nm to Λ = 330 nm and radius from r = 130 to r = 90 nm. We achieve a transmission value of T = 90%. High on-resonant transmission of the dielectric cavity is essential for the strong confinement of energy in the cavity and to ensure that the transmission remains high even in the presence of the plasmonic cavity. The plasmonic part of the cavity then consists of a gold bowtie nanoantenna, placed above the centre of the PhC cavity. We add a spacer G between the PhC and the bowtie in order to reduce the optical losses (see S1 of the supplementary material for further details). We assume water as the surrounding medium to accommodate the optical trapping application.
For the simulation, we used the 3D Finite Element Method (FEM) (COMSOL ®), taking the dispersion of Si and SiO 2 and the water losses into account. Using a TE polarized mode and a SiO 2 spacer of G = 130 nm, we calculated a Q-factor of 1800 and an on-resonance transmission of T = 93% at λ r = 1562.01 nm [ Fig. 2(a) ].
The Au bowtie nanoantenna then consists of two symmetric gold triangles separated by a gap s. The bowtie generates a strong confinement on resonance, 29 their height in order to obtain a resonance peak close to 1550 nm. A gap of s = 40 nm was found to be the best compromise between strong energy confinement and low optical loss in the plasmonic cavity. Losses decrease as the gap becomes larger, at the expense of energy confinement. The total length of the nanoantenna is therefore 480 nm, which almost corresponds to the width of the Si nanowire [ Fig. 1(b) ]. The Lorentz-Drude model 30 was used to determine the gold permittivity.
We have also simulated the behavior of the single bowtie nanoantenna in water and placed on a silica substrate. A TE-polarized plane wave has been assumed in input at the nanoantenna from the silica substrate, in order to simulate the same coupling condition that is obtained in the hybrid cavity between the PhC cavity and the bowtie.
A Q-factor ≈ 5 and a mode volume V = 5 × 10 4 (λ/n) 3 , which is a typical value for a plasmonic nanoantenna and corresponds to Q/V ∼ 10 4 (λ/n) 3 . The results get more interesting as we put the two cavities together, as shown in Figs. 1 and 2. For such a hybrid cavity, the Q-factor only drops by a factor 2 compared to the PhC cavity (from Q = 1800 to 900); the transmission drops by a factor 3.6 to T = 26%. The mode volume remains almost unaltered to that of the single nanoantenna and we calculate V = 6 × 10 4 (λ/n) 3 . This results in a remarkably high Q/V = 1.5 × 10 6 (λ/n) 3 and a strong energy confinement in the bowtie. The steep optical gradient in the bowtie gap [Figs. 2(b) and 2(c)] then makes the hybrid cavity very suitable for optical trapping applications.
We have also simulated the hybrid device performance with a displacement between the bowtie and the PhC, in order to take into account possible issues for the fabrication tolerances. We have obtained a decrease of the values of the optical force of about 10% with a shift of the bowtie up to 50 nm in both in-plane directions, which is a value that can be controlled by the conventional fabrication processes used to realize the hybrid cavity. This also confirms a high value of the optical stability, which still provides a long trapping time as required to the nanotweezer.
DEVICE FABRICATION
For the experimental demonstration, we used an SOI wafer with a 220 nm thick device layer and a 3 µm thick buried oxide layer. Electron-beam lithography with a Raith "Voyager" system was used to define the pattern in AR-P 6200.13 resist according to our standard recipe and then dry etched (see S2 of the supplementary material). The cavity was then attached to a microchannel of Polydimethylsilaxane (PDMS) to control the water flow in the medium surrounding the device. Micrographs of a fabricated device are shown in Fig. 3 .
EXPERIMENTAL RESULTS
An end-fire setup was used to characterize the hybrid cavity (see S3 of the supplementary material). The experimental transmission spectrum of the hybrid cavity, shown in Fig. 4(a) , has been normalized to that of a simple nanowire to obtain the on-chip value of transmission. Experiments confirm a value of Q = 1700 and T = 90% for the PhC cavity, while the hybrid cavity exhibits a Q of 800 and a T = 22%. Note the excellent agreement with the simulation curves of Fig. 2(a) , which includes the observed 1 nm red-shift of the resonance due to the higher effective index caused by the presence of the bowtie.
The position of the bowtie nanoantenna and its separation from the PhC structure strongly affect the performance of hybrid cavity. The energy in the bowtie at resonance, calculated by 3D FEM simulations, is around 4% of the total amount of energy in the whole device with G = 130 nm. A thinner gap between the bowtie and the PhC cavity could be used to improve the vertical coupling efficiency, so obtaining an enhancement of the energy in the bowtie by a factor 2 with G = 50 nm (to ∼8%). However, this improvement would be traded off against a significant reduction in the resonance transmission to T ∼ 5%, which we did not consider acceptable.
The energy confinement in the bowtie also depends on the gap with s. When s decreases from s = 60 nm to s = 40 nm, the transmission and Q factor slightly decrease, but the energy density in the bowtie goes up, which is reflected by the increase in the Q/V from 1.1 × 10 6 (λ/n) 3 , with s = 60 nm, to 1.3 × 10 6 (λ/n) 3 , with s = 40 nm. This suggests that reducing s is beneficial, but given the added complexity of realizing the bowtie on top of a waveguide and requiring high yield, we found that s = 40 nm was a realistic lower bound for the gap width.
HYBRID CAVITY TWEEZER PERFORMANCE
The high Q/V value combined with the strong energy confinement in the bowtie's hotspot and the fact that the hotspot is placed outside the cavity are fundamental features of the hybrid cavity that are very favorable for optical trapping applications. In particular, these features are advantageous for the trapping of nanoscale particles (a << λ), which are more difficult to trap than microscale (a ∼ λ) particles, because optical forces scale as the third power of the particle radius. [31] [32] [33] [34] In order to assess the tweezing performance of the hybrid cavity, we performed 3D FEM simulations and calculated the optical forces exerted by the hybrid cavity on 100 nm polystyrene and Au beads, using the Maxwell Stress Tensor (MST) method. 35 Our results confirm the high values of optical force generated by the cavity. The trapping efficiency is typically described by the optical stability S and the optical stiffness k. The stability is defined as S = U/k B T c , where dr) ) is the potential energy that corresponds to the work required to bring the nanoparticle from a free position to the trapping site, k B is the Boltzmann constant, and T c is the temperature expressed in K. 36 The requirement for a stable trapping condition is S > 10, which ensures that the potential energy U is significantly higher than the thermal energy k B T c , such that the trapping force is strong enough to completely overcome the Brownian motion of the particle. 20, 37 This condition also highlights the need for high values of U with low input power, in order to keep the temperature low and not to affect the trapping efficiency by adding Brownian motion. The optical stiffness k (=F/x with F the optical force and x the particle position) is related to the strength of the restoring force towards the equilibrium point in the bowtie gap; high values of k facilitate the attraction of the particle and make it more difficult to push the particle away from the trapping site. 38 For an input power of 1 mW into the cavity, we calculate an optical force of order pN exerted by the cavity onto the particle. This value corresponds to an optical stability of S = 12 for a 100 nm polystyrene bead and S = 44 for a 100 nm Au bead, respectively. The trap stiffness is k = 40 pN/(nm W) for the dielectric particle and k = 70 pN/(nm W) for the metal one. By comparison, we calculate a stability S << 10 for the dielectric cavity alone, which highlights the advantage of the hybrid approach and its higher Q/V value.
The proposed configuration has a remarkable advantage if compared to the performance shown by other hybrid nanotweezers in the literature. As an example, Ref. 20 reports on a bowtie nanoantenna vertically coupled to an optical waveguide. The addition of the photonic crystal cavity, as in this work, allows increasing the Q-factor, achieving at the same time a stronger light confinement. Reference 20 reports lower theoretical values of both optical force and trapping stiffness with respect to those obtained by the configuration we propose, which also provides high values of the resonance transmission (T > 25%), corresponding to a good detection resolution for trapping events.
We have also calculated by 3D FEM simulations the hybrid tweezer performance for trapping a 200 nm Au bead, which is the condition considered in the experiments. As expected, a decrease of the resonance transmission up to T = 2% has been calculated in presence of a trapping event of a single 200 nm Au bead (see Fig. 5 ).
As confirmed by the Rayleigh approximation, an enlargement of the target object corresponds to higher values of optical forces, with an improvement of the peak values of optical force up to F ∼ 10 pN, which corresponds to a high value of stability S (S > 10) for power values P in < 200 µW.
EXPERIMENTAL
We now confirm the trapping efficiency of the hybrid cavity using 200 nm Au beads. The Au nanoparticles were dispersed in an aqueous solution with a concentration of 1.9 × 10 9 particles/ml. The fluidic flow was controlled by a microfluidic pump to ensure laminar flow. A tunable laser was used as the light source and we pre-compensated for the expected red-shift of the resonance [ Fig. 6(b) ]. We used a laser power P las = 8 mW. The power measured by the output photodetector is P out = 4.8 µW and, therefore, due to symmetry, the power in the cavity is estimated to be P cav = √ P las · P out = 190 µW. 39 Once a particle flows very close to the bowtie, the gradient force draws the bead towards the cavity, which results in a stable trapping condition (see Fig. 7 ). Even though we had pre-compensated for the expected red-shift of the resonance by setting the tuneable laser accordingly, a strong decrease of the transmission is observed at t = 0 s (see Fig. 5 ) when a trapping event occurs, due to the absorption and scattering by the gold nanoparticle, as confirmed by simulations [see Fig. 6(b) ].
This behavior confirms the ease of detection of a trapping event by observing the change in transmission. The strength of the optical trap is confirmed by the observation that only very weak oscillations in transmission following the trapping event (t > 0 s) are observed, which indicate the high trap stiffness calculated by 3D FEM simulations and correspondingly the reduced Brownian motion. We have also attempted to use the 1D cavity without bowtie for the same input optical power but did not observe any particle deflection or trapping, again highlighting the benefit of the hybrid geometry.
The minimum size of the beads used to verify the trapping efficiency of the photonic/plasmonic cavity is 200 nm. An optical setup different from that used for those experiments (see S3 of the supplementary material) is required to observe a trapping event of a smaller dielectric bead (i.e., a bead's size ≤ 100 nm), due to less evident changes in resonance wavelength and resonance transmission.
In the literature, high trapping efficiency has been verified with plasmonic tweezers, providing trapping also at nanoscale. For instance, trapping of 50 nm dielectric beads with a near-field nanotweezer realized by mounting a plasmonic bowtie onto the tip of a fiber has been demonstrated in Ref. 40 . The hybrid structure proposed in this work is clearly different: as already discussed before, its key characteristic is that the combined photonic/plasmonic cavity provides a trapping stiffness that is higher than in a simple plasmonic configuration with a stronger restoring force on the bead in the trapping site. This behaviour is confirmed by the weak oscillations after having trapped the bead in the equilibrium point, compared to the behaviour described in Ref. 40 . Furthermore, a lower power is required which is important to minimise heating effects.
In conclusion, our results represent the first demonstration of a hybrid photonic crystal/bowtie plasmonic resonator cavity with in-plane light propagation, a geometry that enables the integration of nanotweezers into an on-chip system. We demonstrate high transmission and high efficiency optical trapping, based on the observed ultra-high Q/V (>10 6 (λ/n) 3 ) ratio of the device, the highest value reported for a hybrid cavity reported to date. The ability to confine a high fraction of the optical energy in the hotspot outside the cavity affords direct interaction with an analyte and increases the sensitivity for sensing applications. Moreover, the high transmission (T > 20%) makes possible to detect any changes in the resonance condition simply and easily.
SUPPLEMENTARY MATERIAL
See S1 of the supplementary material for the configuration of the photonic/plasmonic cavity with the description of the whole geometrical parameters to realize the PhC cavity and the bowtie nanoantenna. In S2, all fabrication steps to realize the optofluidic chip with the hybrid cavity integrated in a microfluidic channel have been described. In S3, we show the optical setup used for the optical characterization of the photonic/plasmonic cavity based on an end-fire technique.
